Unlike mammals and birds, teleost fish undergo external embryogenesis, and therefore their embryos are constantly challenged by stresses from their living environment. These stresses, when becoming too harsh, will cause arrest of cell proliferation, abnormal cell death or senescence. Such organisms have to evolve a sophisticated anti-stress mechanism to protect the process of embryogenesis/organogenesis. However, very few signaling molecule(s) mediating such activity have been identified. liver-enriched gene 1 (leg1) is an uncharacterized gene that encodes a novel secretory protein containing a single domain DUF781 (domain of unknown function 781) that is well conserved in vertebrates. In the zebrafish genome, there are two copies of leg1, namely leg1a and leg1b. leg1a and leg1b are closely linked on chromosome 20 and share high homology, but are differentially expressed. In this report, we generated two leg1a mutant alleles using the TALEN technique, then characterized liver development in the mutants. We show that a leg1a mutant exhibits a stress-dependent small liver phenotype that can be prevented by chemicals blocking the production of reactive oxygen species. Further studies reveal that Leg1a binds to FGFR3 and mediates a novel anti-stress pathway to protect liver development through enhancing Erk activity. More importantly, we show that the binding of Leg1a to FGFR relies on the glycosylation at the 70 th asparagine (Asn 70 or N 70 ), and mutating the Asn 70 to Ala 70 compromised Leg1's function in liver development. Therefore, Leg1 plays a unique role in protecting liver development under different stress conditions by serving as a secreted signaling molecule/modulator.
Introduction
The process of liver development includes 1) the specification of hepatoblasts from the endoderm, 2) proliferation of hepatoblasts to form the liver primordium (liver bud), and 3) differentiation and proliferation of hepatocytes to form the embryonic liver [1] [2] [3] [4] [5] . Liver organogenesis is not only controlled by intrinsic transcription factors such as FoxA factors [6] , GATA factors [7] , Hhex [8] and Prox1 [9] but also by secreted signaling molecules [10] including FGF [11] , BMP [12] , Wnt [13] and RA [14] produced by neighboring mesodermal cells/tissues. Strikingly, studies of mouse, chick/quail, Xenopus and zebrafish have shown that the molecular events controlling liver development are robustly conserved across these different species although evolutionally, these species are distantly related, especially when considering the obvious anatomic differences in organ initiation and patterning [1] [2] [3] [4] and the differences in the circumstances of their embryogenesis. Unlike mammals and birds, teleost fish complete the process of embryogenesis externally. To cope with the stresses brought about by environmental changes, teleost fish have to evolve anti-stress mechanism(s) to protect the process of embryogenesis/ organogenesis. However, the molecule(s) mediating such activity is(are) currently unknown. Therefore, it is of great interest to determine whether other such factors, in addition to the aforementioned common factors, protect liver development during external embryogenesis in teleost fish.
leg1 (liver enriched gene 1) is an evolutionally conserved gene in vertebrates that encodes a novel secreted protein Leg1, which contains only a domain of unknown function 781 (DUF781) [15] [16] [17] . In zebrafish, there are two copies of the leg1 gene, namely leg1a and leg1b, which are closely linked on chromosome 20 [15] . Previous reports showed that knockdown of total Leg1 results in defective liver development, and the expression of leg1 is modulated by hypoxia conditions [18] . On the basis of the detailed analysis of leg1a mutants generated by the TALEN method, we provide strong evidence to demonstrate that Leg1 functions probably as a novel signaling molecule/modulator to protect liver development through Erk phosphorylation under stress conditions, and glycosylation at N 70 in Leg1a is essential for this function.
Results

Loss-of-function of Leg1aconfers a small liver phenotype under different stress conditions
We reported previously that leg1a but not leg1b was the predominant form expressed during the embryonic stage in zebrafish and that knockdown of leg1a resulted in a small liver phenotype [15] . To unequivocally prove the role of leg1a in liver development, we generated two leg1a mutant alleles, one with a 13-bp insertion (leg1a zju1 ) and another with a 12-bp deletion (leg1a zju2 ) (leg1b is intact in these two leg1a alleles), via the TALEN technique [19] by targeting exon 1 of leg1a ( Fig 1A) . To our surprise, unlike the leg1a morphants [15] , the leg1a homozygous mutant obtained from a cross between either leg1a zju1/+ or leg1a zju2/+ heterozygous male and female did not show an obvious small liver phenotype at 3.5 days post fertilization (dpf) when examined with a liver-specific molecular marker fatty acid binding protein 10a (fabp10a) zju1 homozygotes (-/-) obtained from a cross between heterozygous (+/-) parents showed normal liver development (B). Each dot represents the liver size (measured based on the signal area of fabp10a) of a single embryo. Three independent experiments were carried and a representative one is shown here. Total Leg1 was detected in unfertilized eggs (C) and in two independent samples of 4-dpf WT (+/+) and mutant (-/-) embryos collected at different dates (D) . (E-G) The maternal-zygotic leg1a zju1 homozygotes (mu) obtained from a cross between homozygous parents lacked Leg1 at 1 dpf, but expressed Leg1b at 3.5 dpf and 7 dpf (E), and showed a small liver phenotype on March 13, an intermediate-sized liver on April 16, and a normal sized liver on August 8, 2015. (F) . Recordings of liver phenotype in 32 cases from December 30 2013 to October 4 2015 showed majority of the maternal-zygotic leg1a zju1 homozygotes (mu) exhibited a small liver in 14 cases recorded in cold seasons but a big variation in 18 cases recorded in warm/hot seasons (G). ***, p<0.001, N.S., not significant. Western blot was repeated three times for (C), five times for (D) and (E).
( Fig 1B) , and both leg1a zju1 and leg1a zju2 homozygous mutants could grow to adulthood and were fertile. We examined the total Leg1 levels by western blot analysis and found no drastic difference between unfertilized eggs from wild-type (WT) and leg1a zju1/+ heterozygous females ( Fig 1C) . In fact, the leg1a zju1 homozygous mutant obtained from leg1a zju1/+ crosses retained, though showing variations, a considerable level of Leg1 at 4 dpf (Fig 1D) , suggesting that maternal Leg1 compensated for the need for Leg1a during early hepatogenesis [20] . The leg1a zju1 homozygous mutant was propagated and allowed to produce progenies. We determined that such leg1a zju1 homozygous progenies (maternal-zygotic mutants) lacked Leg1 (Fig 1E) at 1 dpf but started to express the Leg1b homolog at 3.5 and 7 dpf. Surprisingly, whole-mount in situ hybridization (WISH) using the fabp10a probe revealed that the maternal-zygotic mutant exhibited a small liver phenotype in a season-dependent manner ( Fig 1F, S1A Fig) . For example, majority of the maternal-zygotic mutants exhibited a small liver phenotype in 14 cases recorded during the cold season whereas the mutant liver showed a great variation in sizes ranging from normal to small in 18 cases recorded during the warm/hot seasons ( Fig 1G, S1B and S1C Fig) .
These results suggest that liver development in the maternal-zygotic leg1a zju1 mutant is amenable to its living environment. We tested this hypothesis by growing fish in different mild stress conditions. Growing maternal-zygotic leg1a zju1 mutants in relative high temperature (32°C) and high density (200 embryos per 10-cm diameter Petri dish) (Fig 2A) or briefly treating the maternal-zygotic leg1a zju1 mutants at 24 hpf with 2.5 mJ/cm 2 ultraviolet (UV) irradiation (UV25) (Fig 2B, S2A and S2B Fig) sharply increased the proportion of the mutant embryos displaying the small liver phenotype at 3.5 dpf. High density alone also caused a small liver phenotype to the maternal-zygotic leg1a zju1 mutants (S2C Fig). In addition, we found that incubating the zygotic leg1a zju1 mutant in the egg water containing a mild but not lethal dose of H 2 O 2 (0.5mM) also led to the small liver phenotype (Fig 2C) . Interestingly, the maternalzygotic leg1a zju1 mutant embryos did not exhibit a small liver phenotype at 3.5 dpf when they were grown in the egg water containing 0.5% or 1% ethanol starting at 24 dpf (S2D Fig) , a concentration range not causing overall abnormality [21] . UV25 treatment also enhanced the small liver phenotype in leg1a zju2 , another mutant allele of the leg1a gene (S2E Fig). UV treatment, high temperature, andH 2 O 2 treatment all would lead to oxidative stress [22] . To find out whether the maternal-zygotic leg1a zju1 mutant is compromised in scavenging ROS caused the oxidative stress, we compared the ROS level at different time points between the UV25 treated WT and maternal-zygotic leg1a zju1 embryos by DCFH-DA [23] . The result showed that the maternal-zygotic leg1a zju1 embryos accumulated a higher ROS level at all time points examined within the first hour after UV treatment (Fig 2D) . We wondered whether the development of the small liver phenotype in leg1a mutants could be prevented by blocking the production of reactive oxygen species (ROS). Diphenyleneiodonium (DPI) and apocynin (APO) are two specific inhibitors of the Duox/Nox enzyme often used to block the production of ROS [24, 25] . We treated the maternal-zygotic leg1a zju1 mutants with DPI or APO one hour prior to the UV25 treatment and found that both DPI and APO prevented the mutants from developing the small liver phenotype (Fig 2E and 2F ).
Leg1a protects liver development under stress conditions
Liver, exocrine pancreas and intestine are all derived from the endoderm [26] . Previous genetic screening found that mutants with defects in liver development often showed defective development of the exocrine pancreas and/or intestine [27, 28] , likely because liver and exocrine pancreas share common progenitors [29, 30] . Leg1a expression is enriched in the embryonic liver, but meanwhile, Leg1a is also a secretory protein [15] . Considering this fact, we wanted to (mu) embryos. Liver size was measured at Leg1-FGFR-Erk Signaling Protects Liver Development determine whether leg1a zju1 also affects development of the pancreas and other digestive organs. We used fabp10a, trypsin, insulin and fabp2a probes in WISH to mark the liver, exocrine pancreas, endocrine pancreas and intestine, respectively. Interestingly, it appeared that UV25 treatment drastically reduced the liver size, but only subtly affected the exocrine pancreas development and did not show observable effect on the intestinal tube development in the maternal-zygotic leg1a zju1 mutant (Fig 3A) . We then used prox1 and hhex, two earlier hepatic markers, in WISH to examine the effect of UV25 treatment on liver bud formation at 30 hpf [13] . The result showed that UV25 treatment halted liver bud formation in most of the mutant embryos but not the WT (Fig 3B) . A TUNEL assay did not reveal any obvious differences in the apoptotic activity between the UV25-treated WT and mutant liver cells (S3 Fig, total 12cryosections (Fig 3C and 3D) . Therefore, the maternal-zygotic leg1a zju1 mutant develops a small liver phenotype under UV stress due to cell cycle arrest.
Leg1a activates the Erk pathway to promote liver development
One possible explanation for the inhibitory effect of UV25 treatment on liver development in the maternal-zygotic leg1a zju1 mutant is that UV25 treatment induces the expression of Leg1.
However, we observed that the UV-or H 2 O 2 -treatment of the WT embryos at 24 hpf did not cause significant changes to the levels of total leg1 transcripts at 3 and 6 hours after treatment (S4 Fig). UV25 treatment of the WT embryos at 24 hpf neither affected the level of total Leg1 protein at 3, 6, 9 and 12 hours after treatment (Fig 4A) . In zebrafish, 24-34 hpf is a crucial stage for hepatogenesis when signaling molecules including FGF, BMP, Wnt2bb and RA orchestrate the initiation of the liver bud [13, [31] [32] [33] . Based on all of the above, we speculated that the signaling pathway promoting cell proliferation is probably impaired due to loss of the maternal-zygotic Leg1a. This prompted us to investigate whether Leg1, being a secretory protein, is involved in known signaling pathways. We treated 24hpf WT and maternal-zygotic leg1a zju1 mutant embryos with UV25 and found that UV25 treatment up-regulated the level of p-Erk in WT but showed an inhibitory effect on the mutant at 6 hours post treatment (i.e. at 30 hpf) (Fig 4B) . Notably, UV25 treatment did not affect the Bmp signaling as indicated by the level of pSmad1/5/8 ( Fig 4B) . Importantly, upon UV25 treatment, Leg1a over-expression by leg1a mRNA injection at one-cell stage increased the level of p-Erk but did not alter the level of pSmad1/5/8 ( Fig 4C) . Considering that the activation of the expression of Bmp2 by heatshock of Tg(hsp70l:bmp2b) [34] embryos at 18 or 24 hpf increased only the level of pSmad1/5/8 and not that of p-Erk (Fig 4D and 4E) , we speculated that Leg1 does not signal through the Bmp pathway but probably through the Erk signaling pathway to protect liver development under stress conditions. To test whether Leg1 acts through the Erk-signaling pathway to protect liver development, we generated a constitutively active form of Erk mutant (caErk) by substituting L 84 to P Leg1-FGFR-Erk Signaling Protects Liver Development that over-activating Erk signaling at the early stage (up to 80% epiboly) negatively regulates the endoderm formation [36] . Indeed, we found that injection of caErk mRNA into one-cell stage embryos caused small liver both in WT and mutant embryos (S5A Fig). To overcome the effect of Erk-signaling on early embryogenesis we injected caErk mRNA or fgf8 mRNA into the yolk at 22hpf and treated the embryos with UV25 at 24hpf. The effectiveness of this way of injection is demonstrated by the fact that the injected Cy3-labled oligo-dT can successfully reach to the prospective liver bud region (S5B Fig) . We found that such injection rescued the mutant liver development to a great extent (S5C Fig WT and maternal-zygotic leg1a zju1 embryos were treated with UV25 at 24 hpf. UV25 treated embryos were harvested for total protein extraction for western blot analysis of Leg1 at 3, 6, 9 and 12 hours post treatment. (B)24-hpf WT and maternal-zygotic leg1a zju1 mutant (mu) embryos were treated with or without UV25. Total protein was extracted at 6 hours post treatment (hpt) and subjected to western blot analysis of p-Erk, total Erk, and pSmad 1/5/8. (C) leg1a zju1 embryos at one-cell stage were injected with or without leg1a mRNA, then treated with or without UV25 at 1 hpf. Total protein was extracted at 6 hours post treatment (hpt) and subjected to western blot analysis of p-Erk, total Erk, and pSmad 1/5/8. (D and E) Over-expression of Bmp2a does not activate the phosphorylation of Erk. Tg(hsp70l:bmp2b) embryos were heat-shocked at 18 hpf (D) or 24 hpf (E). Total protein was extracted from embryos 6 or 12 hours post heatshock and subjected to western blot analysis of pSmad1/5/8, p-Erk and total Erk. Over-expression of Bmp2 by heatshock increased only the level of pSmad1/5/8 and not that of p-Erk. CK, wild type embryos; caBMP, Tg(hsp70l:bmp2b) embryos.(F) TRE-caErk plasmid was injected into WT and mutant (mu) embryos at one-cell stage. Injected embryos were embryos and the injected embryos were treated with UV25 at 24 hpf followed immediately by addition of the drug Dox (final concentration 30 μg/mL). The liver development in these embryos was examined with the fabp10a probe at 3.5 dpf. The result showed that induction of the caErk expression between 24hpf and 33hpf achieved a significant rate of rescue of the liver growth in maternal-zygotic leg1 zju1 mutant (Fig 4F) Leg1 is modified by glycosylation at N 70 We showed previously that Leg1 is a classical secretory protein [15] . Because glycosylation is a common modification for a secretory protein [39] , we checked whether Leg1 is also modified by glycosylation. There are two types of glycosylation, N-glycosylation and O-glycosylation [40] . N-glycosylation can be cleaved by PNGase F [41] whereas O-glycosylation can be cleaved by the combination of endo-α-N-acetylgalactosaminidase plus neuraminidase [42] . We previously reported that adult fish serum contains a high level of Leg1 [15] . We used these enzymes to treat the serum protein and also total protein extracted from embryos at 3dpf, respectively, and found that only PNGase F treatment caused a band shift (Fig 5A and 5B) . Because both leg1a and leg1b are expressed in the adult liver to produce the serum Leg1 [15] , the fact that PNGase F treatment caused a clear band shift to total Leg1 protein from the serum suggests that both Leg1a and Leg1b are modified by N-glycosylation. To confirm this hypothesis, leg1a and leg1b were cloned into the expression vector PCS2 + , and the obtained plasmids were used to transfect the human liver cancer cell line HepG2. PNGase F treatment caused a band shift to both the expressed Leg1a and Leg1b in HepG2 (Fig 5C) .
To determine which amino acid residue is glycosylated in Leg1a and Leg1b, we used a webbased platform, NetNGly (http://www.cbs.dtu.dk/services/NetNGlyc/), to predict the site of modification(s) based on the Asn-Xaa-Ser/Thr motif [43] . The prediction showed that the 70 th asparagine (N 70 ) was a putative glycosylation site for both Leg1a and Leg1b (Fig 5D and 5E ). For Leg1a, N 298 was also predicted to be a candidate site for glycosylation (Fig 5D) . We then mutated N 70 and N 298 in Leg1a to alanine (A) to obtain the leg1a N70A and leg1a N298A plasmids.
We transfected the leg1a WT plasmid and the two leg1a N70A and leg1a N298A mutant plasmids into the HepG2 cell line, respectively, and performed western blot analysis of Leg1 in the extracted total protein at 24 hours post transfection. The result showed that leg1a N70A produced a product with a mobility like that of Leg1a treated with PNGse F, whereas leg1a N298A produced a product with a mobility like that by the leg1a WT plasmid (Fig 5F) . We also mutated the N 70 to A 70 in Leg1b and found that Leg1b N70A was no longer sensitive to PNGase F treatment and exhibited a mobility like that of Leg1b treated with PNGase F (Fig 5G) . In addition, we injected leg1a N70A and leg1b N70A mRNA and their respective WT control mRNA into zebrafish embryos at the one-cell stage and extracted total protein at 9 hours post injection. Western blot analysis of the protein samples showed that both Leg1a N70A and Leg1b N70A exhibited a mobility like that of Leg1a or Leg1b treated with PNGase F (Fig 5H) . All of these results demonstrated that N 70 was the only N-linked glycosylation site for both Leg1a and Leg1b.
N 70 -glycosylation is necessary for the secretion of Leg1b but not Leg1a
Glycosylation in secretory proteins often facilitates the proper folding of the protein so that the protein can be licensed to be transported to the Golgi apparatus [44] . To assess the secretory treated with Dox at 24 hpf for 6 or 9 hours (6hpt or 9hpt) and were then harvested at 3.5 dpf for WISH using the fabp10a probe.(A-E) Western blot was repeated six times for (A), four times for (B), five times for (C) and twice for (D) and (E). Actin was used as a loading control. ***, p<0.001.
doi:10.1371/journal.pgen.1005881.g004
Leg1-FGFR-Erk Signaling Protects Liver Development ability of Leg1a N70A and Leg1b N70A , WT leg1a, WT leg1b, leg1a N70A or leg1b N70A plasmid was each co-transfected with HA-tagged rnasel1 plasmid into HepG2 cells. Rnasel1 (NCBI accession no. AI476973) encodes a known secretory protein Rnasel1 [45] and was used as a control here. Total proteins were extracted from the culture medium and the cell pellet, respectively. Western blot analysis of the protein samples showed that Leg1a, Leg1b, Leg1a N70A and Leg1b N70A were all detected in the cell pellet fraction (Fig 6A) . Leg1a, Leg1b and Leg1a
N70A
were also detected in the culture medium fraction (Fig 6A) , whereas no Leg1b N70A was detected (Fig 6A) . Meanwhile, we noticed that the secretion of HA-Rnase1l in the cells expressing Leg1b N70A was also greatly reduced ( Fig 6A) .
To determine where the un-secreted Leg1b N70A was located in the protein trafficking route, we co-immunostained Leg1 with ER and Golgi markers, respectively. Consistent with western blot analysis, Leg1a and Leg1a N70A were secreted normally (Fig 6B) , as was the WT Leg1b, which was hardly detectable in the leg1b plasmid-transfected cells (Fig 6C and 6D , upper panels). In contrast, Leg1b N70A nicely co-localized with the cis-Golgi indicated by cis-and medialGolgi marker Giantin (Fig 6C, lower panels) but not with the ER marker PDI [46, 47] (Fig 6D,  lower panels) . Strikingly, cells transfected with the leg1b N70A plasmid appeared to harbor more cis-Golgi components (revealed by Giantin staining) than those in the WT leg1b-transfected cells (Fig 6C) , indicating that the Leg1b N70A mutant protein is retained in the cis-Golgi apparatus, which caused a traffic jam in the cells such that the secretion of Rnase1l was also severely blocked in these cells (Fig 6A) . The fact that accumulation of Leg1b N70A mutant protein in the cis-Golgi but not in the ER might explain why we did not observe an activation of the markers (including Bip, Chop, and p-eIF2a) for the ER-stress response either in the cultured cells ( S7A  Fig) or in the maternal-zygotic leg1a zju1 mutants(S7B and S7C Fig) . Leg1-FGFR-Erk Signaling Protects Liver Development Fig). These injected embryos were briefly treated with UV25. WISH analysis using the fabp10a probe showed that leg1a N70A mRNA injection failed to rescue the mutant liver development (Fig 7A) . In fact, Leg1a N70A was greatly compromised in promoting Erk phosphorylation under UV25 (Fig 7B) .
Leg1a interacts with FGFR3 that depends on Leg1a N
-glycosylation
FGFis a key effector of the Erk signaling pathway. We wanted to determine whether Leg1 interacts with the FGF receptor (FGFR) to activate the phosphorylation of Erk. Extracted serum protein containing Leg1a and Leg1b (total Leg1) was incubated with human 293T cells transfected with a plasmid expressing FLAG-tagged FGFR3. Co-immunoprecipitation (Co-IP) analysis showed that Leg1 interacted with FGFR3 ( Fig 7C) . To determine whether N 70 -glycosylation is necessary for Leg1 to bind to FGFR3, we treated total serum proteins (containing both Leg1a and Leg1b) with PNGase F to get a mixture of Leg1 and de-glycosylated Leg1 under the undenaturized condition ( Fig 7C, left panels) . The mixture of Leg1 plus de-glycosylated Leg1 was incubated with 293T cells expressing FGFR3. Co-IP analysis showed that only Leg1 but not the de-glycosylated Leg1 interacted with FGFR3 ( Fig 7C, right panels) . We also overexpressed Leg1a and Leg1a N70A in 293T cells (Fig 7D, left panels) and harvested the culture medium containing Leg1a or Leg1a N70A to incubate with 293T cells overexpressing FGFR3, respectively. Co-IP showed that Leg1a but not Leg1a N70A interacted with FGFR3 ( Fig 7D, right panels). In zebrafish, FGFR3 was co-immunoprecipitated by the Leg1 antibody when Leg1a and FGFR3 were co-expressed by their mRNA co-injection (Fig 7E) . The zebrafish transgenic line Tg(hsp70:dnfgfr1-gfp) expresses the dominant-negative Fgfr1 (dn-Fgfr1) by the hsp70heakshock promoter [48] . The expressed dn-Fgfr1, whose tyrosine kinase domain is replaced by GFP (as a reporter of the transgenic embryos), can form heterodimer with all FGFR subtypes so that to block the FGF signaling. When this line was treated with UV25 only we found that the level of p-Erk was increased ( S9 Fig). However, when the embryos were heat-shocked at 22 hpf to express dn-Fgfr1 followed by treatment with UV25 at 24 hpf, the effect of UV25 on activation of p-Erkin the GFP + embryos was down-regulated to a similar level to that observed in the UV25 untreated GFP + embryos. This result further suggests that the activation of Erk by UV25-treatment is through the FGF pathway,
Compensatory mechanism is activated in leg1a zju1 mutant
Considering the importance of the liver for a living organism and the viable and fertile nature of theleg1a mutant, we wondered whether the small liver in the leg1a mutant would be recovered to normal during later growing stages. We treated WT and maternal-zygotic leg1a zju1 mutant with UV25 at 24hpf, and check the liver size at 3.5dpf and 10dpf. While, as expected, almost all the maternal-zygotic leg1a zju1 mutant displayed a small liver compared to the WT at 3.5dpf, the liver sizes in the mutants were recovered to normal at 10dpf (Fig 8A) . However, the maternal-zygotic leg1a zju1 mutant exhibited a lower survival rate~32% (28/87) when compared to 66% (50/76) for the WT counted at 10 dpf. Examining the expression of leg1b, the homolog of leg1a, in the leg1a zju1 mutant revealed that the levels of leg1b transcripts were up-regulated both in zygotic homozygous mutant at 4 dpf( Fig 8B) and maternal-zygotic mutant at 3-, 5-, and 7-dpf (Fig 8C) . WISH using the leg1 probe also showed that the total leg1 transcripts in the maternal-zygotic leg1a zju1 mutant was enriched in the liver (S10B Fig) .These data suggest that the compensatory mechanism [49] is activated in the leg1a zju1 mutant to support the liver development at the later stages. At the adult stage, although the liver to body ratio of the leg1a zju1 mutant fish did not show significant difference to that of the WT fish ( Fig 8D) the leg1a zju1 mutant fish exhibited a shorter stature and higher mortality compared to the WT fish (Fig 8E and 8F) , suggesting that the Leg1a anti-stress pathway also functions in the adult fish and that theLeg1bonly partially compensates for the function of Leg1a.
Discussion
In addition to the precise spatial and temporal control of genetic programs instructing oganogenesis, successful completion of organogenesis also relies on the maintenance of an optimal environment through the elimination or neutralization of the stress-induced harmful reagents, and how this is achieved is of tremendous interest in the field of developmental biology [50] . Although undergoing external embryogenesis, teleost fish harbor a robust genetic program dictating liver development as long as any environmental change, including temperature or natural UV irradiation, is not detrimental. It is therefore of interest to explore the mechanism(s) behind this phenomenon. We showed that Leg1 plays a unique role in protecting liver development under different stress conditions by serving as a secretory signaling molecule/modulator to activate the Erk pathway. This finding may explain the adaption of teleost fish in coping with environmental changes. zju1 embryos (mu) at one-cell stage were injected with leg1a or leg1b N70A mRNA. Injected embryos were treated with UV25 at 24 hpf and allowed to grow to 3.5 dpf for comparison of liver development by WISH using fabp10a probe (A) or to 30 hpf for protein extraction for western blot analysis of p-Erk and total Erk (B). A representative data set of three independent experiments was shown. ***, p<0.001, N.S., not significant. (C and D) Leg1 but not de-glycosylated Leg1 interacts with FGFR3. 293T cells over-expressing FLAG-tagged FGFR3 were incubated with total serum containing Leg1 (serum) or total serum Leg1 partially de-glycosylated by PNGase F (serum+P) (C), with supernatant containing secreted Leg1a or Leg1a N70A respectively from leg1a or leg1a N70A plasmids transfected 293T cells (D). In (C), black arrow, total Leg1, red arrow, de-glycosylated Leg1. An anti-FLAG antibody was used to perform the Co-IP, FGFR3 was detected with the anti-FLAG antibody and Leg1 with the Leg1 antibody. (E) Co-IP assay of interaction between Leg1a and FGFR3 in zebrafish. 200pg leg1 mRNA and 400 pgfgfr3 mRNA were co-injected into one-cell stage embryos. Total protein was harvested 7 hours after injection and was subjected to Co-IP using the Leg1 antibody or mouse IGG antibody. FGFR3 was detected by an anti-FRFR3 antibody. Western blot was repeated three times for (B), four times for (C), three times for (D) and (E).
doi:10.1371/journal.pgen.1005881.g007
Leg1-FGFR-Erk Signaling Protects Liver Development
The process of liver organogenesis is governed by key transcription factors (e.g., HNF, GATA, Prox and Hhex) and signaling molecules (e.g. FGF, Bmp and Wnt) [1] [2] [3] 10] . Meanwhile, each of these stages has to deal with the oxidative stress constantly imposed intrinsically or externally. In zebrafish, hepatoblasts are specified at around 24 hpf and start to form the liver primordium at around 30 hpf. Both FGF and Bmp play crucial roles during this period [10, 31, 32] . In general, FGF acts through the FGFR-RAS-ERK signaling pathway [51] , Bmp through activation of Smad1/5/8 phosphorylation [52] and Wnt2bb through the β-catenin-TCF pathway to control organ/tissue development, respectively [53] . It is envisaged that molecules mediating anti-oxidative stress during liver organogenesis might act as a tuner of the pathways controlling cell proliferation or elimination. Based on the facts that 1) Leg1a expression is enriched in the yolk syncytial layer between 24-48 hpf(S10A Fig)and this layer is directly exposed to external stress such as UV irradiation or low level of oxygen, 2) Leg1a expression is obviously enriched in the embryonic liver at 48 hpf, 3) Leg1a is a secretory protein, 4) the leg1a zju1 maternal-zygotic mutant exhibited a small liver only under the cold season, UV irradiation, high temperature, or H 2 O 2 treatment, and 5) the small liver phenotype was rescued by the antioxidant chemicals DPI and APO, we conclude that Leg1a defines a novel anti- stress pathway to protect the liver development. Besides, we noticed that the leg1a zju1 maternal-zygotic adults displayed a shortened body length and reduced survival rate, suggesting that the Leg1-meidated anti-stress pathway is also necessary for wellbeing of an adult fish. Then, the question is how there is a season in a fish facility which is maintained at relatively constant temperature throughout the year? Since the small liver exhibited by the maternalzygotic leg1a zju1 mutant is ROS-dependent we speculate that the difference in the oxygen content in the fish water in different seasons might be the cause of the stress-related phenotype although the temperature is maintained in the facility. We know that the oxygen content in the water is related to atmospheric pressure and that the atmospheric pressure is higher in the cold seasons and lower in the warm seasons. We checked the weather record between Dec 30, 2013 to Jan 30, 2015 in Hangzhou and plotted the liver size against the record of atmospheric pressure. The small liver phenotype in leg1a mutant nicely correlates with high atmospheric pressure in the cold seasons (S1D Fig). However, we cannot exclude other possibilities at this moment. Utilizing specific morpholinos (MOs), we previously showed that leg1a is required for liver bud outgrowth [15] . However, zygotic leg1a zju1 mutants do not show this phenotype, and maternal-zygotic leg1a zju1 mutant phenotype is milder than the phenotype generated by the leg1a-MO. The discrepancy between the phenotype caused by MO-injection and the phenotype exhibited by a loss-of-function mutant is indeed a concern in the zebrafish community.
The explanations for the discrepancy observed could be: 1) previous used leg1-MO might have yielded an off-target effect on the liver development in the morphants, this fits with the observation that leg1a or leg1b mRNA or even combination of leg1a and leg1b mRNA only partially rescued the morphant small liver phenotype [15] ; 2) injecting morpholino itself works as a stress cue to induce the small liver phenotype when Leg1 is knocked down; and 3) since the leg1b gene is still intact in the leg1a zju1 mutant, the mild phenotype exhibited by the maternalzygotic leg1a zju1 mutant might be due to the functional compensation by Leg1b [49] . To narrow down the possibilities, we tried to get the leg1a and leg1b double knockout mutant, however, failed in obtaining such double mutant. We also injected standard control morpholino (ST-MO, derived from human β-globin antisense morpholino) into the leg1a zju1 mutant embryos and found that ST-MO did not enhance the leg1a zju1 mutant phenotype (S11 Fig). We then compared the expression of leg1b in the WT and leg1a zju1 and found that the expression of leg1b is elevated in the leg1a zju1 mutant embryos. These data suggest that the expression of leg1b is mobilized to compensate, at least partially, for the loss of function of Leg1a in the leg1a zju1 mutant.
Mechanistically, it appears that Leg1a does not signal through the Bmp pathway because Leg1a over-expression does not promote the phosphorylation of Smad1/5/8 as done by the over-expression of Bmp at 18 or 24 hpf. However, Leg1a over-expression does promote the phosphorylation of Erk upon UV25 treatment. Furthermore, UV-treatment caused up-regulation of the phosphorylation of Erk in WT but not in the maternal-zygotic leg1a zju1 mutant. In addition, as revealed by immunostaining, it appeared that more p-Erk cells were in the WT endoderm than that in the maternal-zygotic leg1a zju1 mutant after UV25 treatment (S12 Fig). The intriguing question is why Leg1a promotes Erk phosphorylation after UV exposure. We speculate that it maybe because UV causes certain modification or conformation change to Leg1a that facilitates the interaction between Leg1a and Fgfr3 to promote Erk phosphorylation. Nevertheless, these data suggest that Leg1a signals through the Erk pathway. Since FGF is a key effector of the Erk pathway and is essential for liver development, our data suggest that there might be a crosstalk between the FGF and Leg1-meidated anti-stress signaling pathways. Therefore, it is of great interest to determine how Leg1 promotes Erk phosphorylation in the future. For example, being a secretory protein, does Leg1a have its own receptor or shares the FGF receptor to mediate its activity? If Leg1a does share the FGF receptor with FGF, then which type of receptor do they share? Or does Leg1a simply serve as an agonist to facilitate the binding of FGF to its receptor? Leg1 is an evolutionally conserved protein across the vertebrates [15] . A recent report showed that Leg1 homologs in monotreme is highly expressed in monotreme milk and appears to be modified by N-glycosylation [17] . This implies that the tissue expression specificity and function of Leg1 might vary among different animal species.
Here we showed that zebrafish Leg1a is glycosylated at N 70 . Although this glycosylation modification is not essential for the secretion of Leg1a, it is important for Leg1a in the promotion of liver development, for the phosphorylation of Erk and interaction with FGFR3. All available data have suggest that Leg1a is a novel signaling molecule/modulator, which has urged us to identify more downstream signaling molecules involved in this pathway, which may ultimately reveal the importance of this pathway in the evolution of vertebrates.
Materials and Methods
Ethics statement
All animal procedures were performed in full accordance to the requirement by 'Regulation for the Use of Experimental Animals in Zhejiang Province'. This work is specifically approved by the Animal Ethics Committee in the School of Medicine, Zhejiang University (ETHICS CODE Permit NO. ZJU2011-1-11-009Y, issued by the Animal Ethics Committee in the School of Medicine, Zhejiang University).
Fish lines and maintenance
The zebrafish (Danio rerio) AB strain was used as WT in this study. To generate the leg1a mutant, we constructed a TALEN vector against the first exon of the leg1a gene (Fig 1A) according to the "Unit Assembly" protocol [19] . The TALEN mRNA was synthesized using the SP6 mMESSAGEmMACHINE Kit (Ambion) and was injected into the WT embryos at onecell stage. These embryos were bred to the adulthood as founders to mate with a WT fish. Eight embryos from each cross were genotyped using the primer pair leg1a 4244 Fw (CTTACAAGT TACAGCAGCTCC) and legg1a 7748 Rv (CACAACGGACCAGTACATCG) followed by the second primer pair TALEN ID fw (CTCCCAGAGGATGACCATGT) and TALEN ID Rv (ACTCCAGAGCGGATTCTCCT) to identify leg1a mutants, and the rest embryos were bred to adulthood for identification of individuals carrying the mutation. The Tg(hsp70:dnfgfr1-gfp) and Tg(hsp70l:bmp2b) fish lines were obtained from Dr Feng Liu. Fish was raised and maintained in the fish facility (Ai-Sheng Zebrafish Facility Manufacturer Company, Beijing, China) in Zhejiang University according to the standard procedure.
Cell lines and plasmid transfection
HepG2 cells were grown in the DMEM medium (high glucose, GIBCO), supplemented with 10% newborn calf serum (NBCS, GIBCO). Plasmids were transfected into cells mediated with lipofectamine 2000 (InVitrogen) according to the manufacturer's instruction. Total protein was extracted 24 hours after transfection and was subjected to western blotting analysis.
Plasmid construction and mRNA in vitro transcription
The ORF region of leg1and erk was cloned into PCS2+ vector. All leg1and erk point mutations were generated by site-directed mutagenesis. The primers for leg1 mutant used in the PCR reaction were designed by the webtoolPrimerX (http://bioinformatics.org/primerx/index.htm). The sequences of primers are listed in S1 Table. All primers used for erk point mutation was designed as previously described [35] . mRNAs were obtained via in vitro transcription using the mMessagemMachine (Ambion) according to the manufacturer's instruction.
Immunofluorescence staining
Cells were seeded in glass slide when the optimal cell density was achieved and fixed by 3% PFA for half an hour at 4°C. The cells were washed twice with 50mM NH 4 Cl and three times with PBS and were then penetrated with PBST (PBS+0.1% Triton X 100) for 15min and blocked with blocking buffer (5% goat serum, 5% fetal bovine serum and 2% bovine serum albumin) for 30min, sequentially. Cells were finally incubated with corresponding primary antibody and then Alexa Fluor conjugated second antibody. The samples were visualized under a confocal microscope. Leg1 antibody [54] and BHMT antibody [55] was generated as Whole-mount in situ hybridization (WISH) and liver size measurement WISH was performed as previously described [27] . prox1, hhex, fabp10a (liver fatty acid binding protein 10), insulin and trypsin, fabp2 (intestinal fatty acid binding protein 2) were cloned into expression vectors, respectively [27, 31] . Corresponding probes were synthesized via in vitro transcription and were labeled with digoxigenin (DIG, Roche, Diagnostics). Liver size was measured as previously described [54] . Briefly, liver was marked out after WISH suing the fabp10a probe, and imaged by Nikon AZ100 from left lateral view after aligning two eyes of the embryo vertically. The fabp10a signal area in each image was calculated by Nikon image system (NIS-elements D v3.0)and used as the index of the liver size.
Glycan cleavage
PNGase F (NEB, P0704) was used to cleave N-linked glycosylation, and a combination of Endo-alpha-α-Acetylgalactosaminidase (NEB, P0733) and neuraminidase (NEB, P0720) was used to cleave O-linked glycosylation. All the enzyme treatment was performed according to the manufacturer's instruction.
Western blot
For either fish embryo or cultured cells, total protein was extracted using an extraction buffer (63mM Tris-HCl, PH6.8, 10% glycerol, 5% β-Mercaptoethanol, 3.5% SDS) containing 1X Complete (Roche, 11873580001). Western blotting was performed as described previously [27] using 
UV and drug treatment
Embryos were treated with different dosage of UV energy supplied by Ultraviolet Crosslinker (UVP, CL-1000) at 24 hpf and then allowed to grow in the egg water. For H 2 O 2 treatment, 24 hpf old embryos were treated with different concentration of H 2 O 2 for half an hour. For APO and DPI treatment, embryos were incubated with 0.5 μM APO (Sigma,W508454) or 10μM DPI (Sigma, D2926) for 1 hour at 23 hpf, followed by UV25 treatment, and then allowed to grow in normal egg water. Embryos injected with TRE-caErk plasmid were treated with Dox at 24hpf, and replaced with fresh egg water at 30hpf (6hpt) and 33hpf (9hpf), respectively.
Measurement of ROS level
ROS content measurement was performed as described previously [56] with some modifications. Briefly, embryos were sunk in 100μl of 10μM DCFH-DA(Beyotime, S0033) solution for one hour prior to UV25 treatment. For each sample, embryos were divided into four groups (containing three embryos in each group) and placed in a 96-well plate. After UV25 treatment the fluorescence signal was measured at a 10 min interval for one hour on a Synergy H1 Reader (Biotek) (excitation 485 nm, emission 560 nm).
Co-immunoprecipitation (Co-IP)
For studying the interaction between Leg1 and FGFR3 in the cell culture system, Leg1 sample was prepared either by diluting 30μl of the fish serum with 1000μl of serum-free DMEM media (Gbico) or by transfecting 293T cells with the leg1 plasmid (cloned into the PCS2 + expression vector) and collecting the culture media 30 hrs after transfection. The Leg1 samples were incubated with the 293T cells expressing FGFR3 (cells transfected with the FGFR3 plasmid in the PLX304 expression vector, the vector is provided by Dr Bing Zhao) at 4°C for one hour. After incubation, the cells were washed with PBS for three times, and lysed with NP40 lysis buffer (50mM Tris-Hcl, PH 8.0, 150mM NaCl, 1% NP40, 2mM EDTA). For studying the interaction between Leg1 and FGFR3 in the embryos, embryos injected with leg1a and fgfr3 mRNA at one cell stage were harvested at 7hpf and lysed with NP40 lysis buffer. All lysates were incubated with Leg1 antibody or Flag antibody at 4°C overnight, followed by incubation with Protein A/ G argrose beads (beyotime, Cat.No.P2012) for further 2 hrs. The beads were washed with cold PBS for three times and eluted by 100mM PH2.2 glycine. The elution was subjected to western blot analysis.
Quantitative Real Time-PCR (qPCR)
More than 50 embryos were pooled for total RNA extraction. Reverse transcription was performed by SuperScript II Reverse Transcriptase (Invitrogen, 18064-014) according to the manufacturer's protocol. The transcribed cDNA was used as the template in qPCR with SYBR Green Master Mix (Vazyme). The CFX96 real time system (Bio-Rad) was used to obtain the threshold cycle (C t ) value, and the relative expression of each gene was determined after being normalized to the actin gene. Primer pairs used are listed in S2 Table. Statistics
In considering of relative small sizes of samples with skewed phenotype distribution among individuals in this study, the conventional statistical analysis by showing mean and standard error/derivation is apparently not suitable for presenting the liver size measurement data. Instead, quartiles are more intuitive in presenting data with relative small sample size with skewed distributions [57] . Therefore, we used the quartile boxplot to present our data [58] . The box plot was drawn by ggplot2 [59] . Survival ratio statistical analyses were carried by Chisquared test. Other statistical analyses were performed with the Student's T-test. Ã , p<0.05, ÃÃ , p<0.01, ÃÃÃ , p<0.001, N.S, no significant difference.
the Cy3 signal was checked at 27 hpf. CK, oligo-dT(50) uninjected control. (C) Embryos were injected with caErk or fgf8 mRNA into the yolk at 22 hpf and were then treated with UV25 at 24 hpf. The liver development in the treated embryos at 3.5 dpf was examined with the fabp10a probe at 3.5 dpf. RTTA expression was driven by the β-actin gene promoter. Dox binds to RTTA and the Dox-RTTA complex binds to the TRE promoter to drive the expression of caErk. (B) 10 pgTre-caErk plasmid DNA was injected into one-cell stage maternal-zygotic leg1a zju1 embryos (mu). These embryos were treated with Dox at 6 hpf and total protein was harvested at 12 hpf. The protein samples were subjected to western blot analysis. The total Erk versus Tubulin ratios were shown on the right. Dox, doxycycline. Error bar stands for the standard error. ÃÃÃ , p<0.001. Western blot was repeated three times. (C) Images of representative 3.5-dpf embryos after WISH using the fabp10a probe. Embryos was first injected with TrecaErk plasmid at one-cell stage, then treated with UV25 at 24 hpf and followed by Dox treatment for 6 hours (6 hpt) or 9 hours (9 hpt). After Dox treatment, embryos were transferred to the normal egg water to grow to 3. Western blot analysis of Bip, Chop, phosphorylated eIF2α (p-eIF2α), and total eIF2α in the WT and maternal-zygotic leg1a zju1 mutant embryos at 2 dpf and 3 dpf. (C) qPCR analysis of the transcript levels of ER-stress response markers including atf6, bip, perk, chop, ire1a, and grp94 in 3 dpf WT and maternal-zygotic leg1a zju1 mutant embryos. Error bar stands for the standard error. Primers for analyzing these ER stress marker was as previously reported (S2 Table) . Western blot was repeated three times each for A and B.
(TIFF) Tg (hsp70:dnfgfr1-gfp) embryos were heatshocked at 22 hpf to induce the expression of dominant negative FGFR1 (dn-Fgfr1). GFP signal was used to distinguish the dn-Fgfr-expressed (GFP+) and non-dn-Fgfr-expressed (GFP-) embryos. Embryos were treated with UV25 at 24 hpf, and total protein was extracted from embryos at 30 hpf (6 h post treatment) and was subjected to western analysis of the level of p-Erk. Tublin was used as a loading control. H.S., heatshock. Ã , p<0.05, ÃÃ , p<0.01, N.S., no significance. Western blot was repeated two times.
(TIFF) S10 Fig. WISH analysis of total leg1 expression in the WT embryo at 27 hpf (A, arrow points to the endoderm region giving rise to the liver primordium) and in the WT and maternal-zygotic leg1a zju1 mutant embryos at 7 dpf (B, arrow points to the liver). n = 25. embryos at 27 hpf. Serial cryosections (S1 to S4) from three WT embryos (WT-1, WT-2 and WT-3) and three mutant embryos (mu-1, mu-2 and mu-3) treated with UV25 at 24 hpf were shown. DAPI was used to stain the nuclei.
